Objective: To measure the effect of deep brain stimulation (DBS) of the subthalamic nucleus in patients with advanced Parkinson's disease. Design: Open label follow up using blinded ratings of videotaped neurological examinations. Patients: 30 patients with advanced Parkinson's disease (19 male, 11 female; mean age 58.8 years; mean disease duration 12.8 years), complicated by intractable wearing off motor fluctuations and dopaminergic dyskinesias. Main outcome measures: Unified Parkinson's disease rating scale (UPDRS), part III (motor), score at one year, from blinded reviews of videotaped neurological examinations. Secondary outcomes included the other UPDRS subscales, Hoehn and Yahr scale, activities of daily living (ADL) scale, mini-mental state examination (MMSE), estimates of motor fluctuations and dyskinesia severity, drug intake, and patient satisfaction questionnaire. Results: Subthalamic nucleus stimulation was associated with a 29.5% reduction in motor scores at one year (p,0.0001). The only important predictors of improvement in UPDRS part III motor scores were the baseline response to dopaminergic drugs (p = 0.015) and the presence of tremor (p = 0.027). Hoehn and Yahr scores and ADL scores in the ''on'' and ''off'' states did not change, nor did the mean MMSE score. Weight gain occurred in the year after surgery, from (mean) 75.8 kg to 78.5 kg (p = 0.028). Duration of daily wearing off episodes was reduced by 69%. Dyskinesia severity was reduced by 60%. Drug requirements (in levodopa equivalents) declined by 30%. Conclusions: The 30% improvement in UPDRS motor scores was a more modest result than previously reported. DBS did not improve functional capacity independent of drug use. Its chief benefits were reduction in wearing off duration and dyskinesia severity.
S
ubthalamic nucleus (STN) stimulation is an effective treatment for advanced Parkinson's disease that remains levodopa responsive, but is complicated by wearing off motor fluctuations and dyskinesias. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The many published series, describing three to 12 month outcomes in over 400 patients, have shown significant improvements in many aspects of Parkinson's disease, including tremor, bradykinesia, rigidity, dystonia, wearing off motor fluctuations, drug induced dyskinesias, and activities of daily living (ADL).
As experience with deep brain stimulation (DBS) accumulates, we have been impressed by the variation in outcome among patients who fit the generally accepted indication for DBS surgery, namely advanced Parkinson's disease complicated by wearing off motor fluctuations and dyskinesias. In our experience, while many patients derive an excellent result from surgery, others do not, for a variety of reasons that require further study. When patients with advanced Parkinson's disease have a good but not excellent response to levodopa, or later develop symptoms that do not respond to levodopa, the overall result of DBS may fall short of published expectations.
Much of the published surgical outcome data-consisting of ratings of ADL capacity, estimates of wearing off spells and dyskinesias, and patient diaries-are subject to placebo effects that can be robust and sustained for a year or more. 17 Even among ''blinded'' assessments, the ratings have generally been done by study personnel familiar with the patients' symptoms and responses to DBS. 18 However, for experienced clinicians, as well as patients, it is often possible to identify the stimulator status, 3 9 10 even when this is varied at random. Moreover, the unified Parkinson's disease rating scale (UPDRS) 19 is a redundant scale 20 which can multiply a clinical effect, especially when not administered in a completely blinded fashion.
One way to reduce bias is to present videotaped examinations in random order to an observer who is not part of the treating team. Our goal in the present study was to measure with optimal objectivity the clinical outcome of STN stimulation in a consecutive cohort of patients with advanced Parkinson's disease, using blinded ratings of videotaped neurological examinations.
METHODS
This study was carried out with the approval of Columbia University institutional review board under a Food and Drug Administration investigational device exemption. All subjects gave their informed consent for participation.
Patients underwent bilateral staged or simultaneous implantation of the Medtronic model 3387 or 3389 DBS lead with quadripolar stimulating electrode and Activa Itrel II (nine patients) or the Soletra (21 patients) multi-programmable, implantable pulse generator (IPG) (Medtronic, Minneapolis, Minnesota, USA). All operations were done by RRG, using a surgical technique described previously. 5 21 The STN was targeted by combining direct magnetic resonance Abbreviations: ADL, activities of daily living; DBS, deep brain stimulation; MMSE, mini-mental state examination; STN, subthalamic nucleus; UPDRS, unified Parkinson's disease rating scale imaging (MRI) with calculation relative to the intercommissural midpoint. Electrophysiological mapping was carried out using microelectrodes (FHC, Bowdoinham, Maine, USA) with an initial trajectory based on the MRI guidance calculation. An average of three parallel tracks was used to map STN boundaries and determine STN length, based on single unit firing patterns, macrostimulation, and responses to intraoperative clinical testing.
Patients were usually discharged from hospital on the second day after the brain surgery. The IPGs were implanted one week after the brain implants, as an outpatient procedure under general anaesthesia. After surgery, it was generally possible for patients to reduce their antiparkinsonian drug intake, although we did not use a formal tapering protocol to accomplish this. Patients returned to the study centre one week postoperatively, and then at six weeks, three months, six months, and one year. Deep brain stimulator settings were assessed and adjusted at each visit, when patients were in the unmedicated state.
For this analysis, patients were evaluated at baseline, one week before surgery, and at one year. Evaluations included the following: UPDRS, 19 Hoehn and Yahr scale, 22 Schwab and England ADL scale, 23 mini-mental state examination (MMSE) scale, 24 and a dyskinesia rating scale (see appendix 1). Selection criteria for the study were as follows: N the ability to give informed consent; N acceptable general health.
Clinical assessments were carried out in the morning after the patients had been off their antiparkinsonian drugs overnight, using the core assessment program for intracerebral transplantation (CAPIT) protocol. 25 Patients underwent standardised videotaped neurological examinations in ''on'' and ''off'' states at baseline, and in three clinical states at one year: off medication/off stimulation, off medication/on stimulation, and on medication/on stimulation. The videotaped examinations were edited in random order onto VHS videocassettes for subsequent rating by one reviewer, who was blinded as to treatment status and was not part of the treatment team.
Additional data collected from patients included drug intake, weight, estimates of dyskinesia severity and amount of time spent in the off state each day, and estimates of overall treatment outcome and patient satisfaction (see appendix 2). We developed a new and simple dyskinesia rating scale that could be used by a videotape reviewer (appendix 1). Patients also underwent detailed neuropsychological testing, electrophysiological testing, and quality of life assessments, the results of which are not part of this report.
Statistics
Statistical analysis was done using SPSS version 10.0 software (SPSS Inc, Chicago, Illinois, USA). We conducted a series of comparisons between outcome measures using paired two sample t tests for approximately normally distributed data, and non-parametric Wilcoxon signed-rank tests for discrete outcomes. Regression analyses were used to identify outcome predictors.
RESULTS

General demographic and clinical data
Between June 1999 and February 2001, 30 consecutive patients with advanced Parkinson's disease underwent bilateral STN electrode implantation. Eight patients underwent a staged procedure and 22 had a bilateral simultaneous implantation. The study included 19 men and 11 women (mean age at operation 58.8 years, range 36 to 80). The mean age of onset of Parkinson's disease was 47 years (range 29 to 72) and the mean disease duration was 12.8 years. Three patients had undergone bilateral putaminal human embryonic tissue graft implants, two a unilateral pallidotomy, and one a previous bilateral pallidotomy; these numbers were too small for separate analysis.
After one year of treatment, the stimulator settings were: Two patients lived at a distance from the medical centre and were unable to return for their one year follow up evaluation; their clinical evaluation is not included in this report. Complete data were available on the remaining 28 patients.
Principal outcome measures
The primary end point for this study was a blinded evaluation of UPDRS part III motor scores using videotaped neurological examinations, comparing the one year result with baseline. In the unmedicated state, STN stimulation was associated with a 29.5% reduction in motor scores at one year (p,0.0001) (range 274% to +20%) (fig 1) . The evaluation excluded rigidity scores, which cannot be viewed from a videotaped examination. However, when unblinded rigidity scores obtained at the time of the visit were added to the analysis, the result was statistically identical. Seven patients had no rest or action tremor at baseline, and these individuals experienced a 19.4% reduction in UPDRS part 3 motor scores, while those with tremor had a 37.4% decrease in motor scores (p = 0.027).
The cohort was improved overall but not all patients experienced individual benefit. Using a 30% reduction in blinded UPDRS part III motor scores as a definition of individual success, only 12 of 28 patients (42.8%) were greatly improved by STN stimulation at the one year interval. Ten patients showed modest reductions in motor scores, ranging between 10% and 30%, and six were unchanged. The 12 best responders to bilateral STN DBS, when analysed separately, showed an improvement of 52.5% in their UPDRS part III motor scores. From univariate regression analyses, the only important predictors of improvement in these scores were the baseline response to dopaminergic medication (p = 0.015) and the presence of tremor (p = 0.027). Age at operation, duration of disease, age at disease onset, and baseline mental status scores were not predictive of outcome.
Secondary outcome measures
The outcome measures for the study are listed in table 1. UPDRS part 2 ADL subscores in the ''off'' state (off medication, on stimulation) improved by 6.8% over one year but this change was not statistically significant (p = 0.27). Patients' ADL scores in the ''on'' state worsened by 34.3% over one year, despite STN stimulation, a statistically significant change (p = 0.031). When analysed individually, seven items contributed to this decline in ''on'' ADL capacity: speech, cutting food, dressing, hygiene, turning in bed, falling, and gait.
Comparing the one year score with the baseline score, the Hoehn and Yahr scores and the Schwab and England ADL scores in the ''on'' state (on medication, on stimulation) and in the ''off'' state (off medication, on stimulation) were not significantly changed as a result of DBS. The mean MMSE score (out of 30) was not significantly different after one year. Patients showed a significant weight gain during the year following surgery, increasing from a mean of 75.8 kg to 78.5 kg (p = 0.028).
At baseline, patients estimated their daily off time duration at 7.25 hours; at one year after surgery, the mean off time estimate was 2.25 hours (p,0.001). Two patients with severe off anxiety reported that this symptom resolved following DBS. Using a global dyskinesia rating scale (appendix 1), the mean dykinesia severity at baseline was 1.92. At one year, the dyskinesia severity was 0.76 (p,0.001).
Drug use declined and the interval between doses increased after deep brain stimulation (see table 2), although no formal medication reducing protocol was followed in this study. The daily levodopa intake was reduced from a mean of 1293 mg at baseline to 1011 mg at one year, a 22% decrease. The mean dopamine agonist intake decreased from 372 to 221 mg/d (converted to levodopa equivalents) (table 2), a 41% reduction. Combining all dopaminergic drug treatment, the daily intake (in levodopa equivalents) declined from 1665 mg to 1160 mg, a 30% reduction. All these decreases in drug intake were statistically significant (p,0.001). The mean interval between drug doses increased from 155 minutes at baseline to 191 minutes at one year (p = 0.081).
Using a global rating scale (appendix 2), patients and their families estimated the result of deep brain stimulation. The mean rating was 2 (range 0 to 3), suggesting that most patients believed their condition was moderately improved overall (''My condition is moderately improved but I still have some problems''). When asked if they were satisfied with the results of surgery, the mean response was 1.3 (range 21 to 3) (''I'm somewhat satisfied and happy with some improvements''), suggesting modest satisfaction overall.
Complications
In this series, nine serious complications-defined as potentially life threatening, or requiring surgical intervention or hospital admission-occurred in five patients. The complications included: ischaemic stroke (1), subdural haematoma (2), intracerebral haemorrhage (1), infection (3), chest wall haematoma (2) . The three infections in this series occurred along the connecting wire, one requiring replacement of the DBS electrode, connector, and IPG. The ischaemic stroke and two chest wall haematomas occurred in one individual with factor XII deficiency who was considered a high risk candidate for these complications. Taken together, the incidence of infection requiring DBS lead replacement was 1.7% per electrode implant. The incidence of stroke or haemorrhage per electrode implant was 6.6%. All patients experiencing these events in our series had minor or short lived (less than 72 hours) neurological symptoms, and made a complete recovery. Two patients with mild pre-existing cognitive impairment (MMSE 26/30) experienced confusion that lasted several weeks postoperatively, but this resolved. In addition to complications caused by the operation or hardware, almost every patient experienced adverse reversible effects of stimulation, including unpleasant tingling sensations, muscular contractions, imbalance or ataxia, speech slurring, and unusual cephalic sensations, as previously reported.
DISCUSSION
This series provides an objective measure of the clinical effects of STN stimulation in patients with advanced Parkinson's disease complicated by wearing off motor fluctuations and dopaminergic dyskinesias. Using blinded ratings of videotaped neurological examinations, we found an approximately 30% improvement in UPDRS motor scores attributed to the effect of DBS alone, comparing the off medication-on stimulation state at one year with the unmedicated state at baseline. Moreover, a subgroup of the best responders to DBS, comprising 40% of the entire cohort, achieved a reduction in motor scores of 52.5%. Patients with tremor showed the greatest improvement in UPDRS motor scores following DBS, even when the tremor items were removed from the analysis. A higher prevalence of tremor patients is likely to influence the overall outcome of DBS studies.
In contrast to other reports, we found that STN stimulation alone was inferior to drug treatment in its antiparkinsonian effect. The effect of STN stimulation, as can be seen in fig 1, was intermediate between the off medication state and the on medication state. Despite changes in motor scores, in contrast to other studies patients in this series did not experience benefit in their capacity for daily living or in their Hoehn and Yahr stage, comparing off and on scores at baseline and follow up. The critical determinants of Hoehn and Yahr staging are postural stability and falling, variables that did not improve as a result of DBS. The chief benefits of DBS in our series were reduced duration of ''off'' spells and reduced duration and severity of dyskinesias.
Following successful STN stimulation, many patients can reduce their drug treatment, although this varies between patients and institutions. At some institutions, medication reduction is an explicit goal of surgery, and patients follow a protocol of weaning that begins at the time of surgery. 7 13 15 In our series, we found that most patients could not tolerate being off their drug treatment postoperatively, despite effective stimulation. An important contributor to the reduced medication intake was an increase in the dose intervals, and not a reduction in individual doses. While the duration of wearing off spells was prominently shortened, patients continued to experience fluctuations. The severity of ''off'' spells, as measured during the off medication-on stimulation state, was approximately one third less severe overall.
In this report, and most published analyses to date, the most important predictor of surgical outcome was the effect of levodopa on a patient's baseline parkinsonism. Some have advocated the use of an apomorphine test 26 or a suprathreshold dose of levodopa 7 to aid the selection criteria for prospective patients. The reduction in UPDRS motor scores at baseline, comparing ''on'' and ''off'' states, in most published series ranges from 45% 3 14 to about 72%, 5 16 and in the present series it was 50%. In general, our results were more modest than those reported elsewhere but we believe they represent a more realistic estimate of the effect of DBS on Parkinson's disease. We do not discount the possibility that our results may reflect differences in patient selection or surgical technique.
The present series is small and the duration of follow up is short relative to the time course of the disease after surgery. Long term studies, with complete follow up, are necessary to determine the larger impact of DBS on Parkinson's disease. To date, one half of the published reports provide less than six months' follow up, including the largest series to date. 1 In many patients, levodopa responsiveness declines as the disease progresses. For these individuals, it can be anticipated that the result of DBS may also decline over time. In addition, many patients-including participants in this series-develop symptoms that are unresponsive to drug treatment. One study documented a decline in UPDRS motor scores after the first year, with a loss of benefit in axial subscores by the 24 month end point. 27 The five year follow up study of the Grenoble cohort showed persisting benefits in tremor and rigidity but declining effects on akinesia, speech, gait freezing, and postural stability, 28 findings observed in the present study. There is an emerging consensus that the ideal patients for DBS are young and have tremors, have an excellent response to levodopa, and experience severe dyskinesias. 16 Unfortunately, many patients with advanced Parkinson's disease do not fit this clinical profile. In our experience, many individuals with intractable motor fluctuations and dyskinesias also have minor cognitive impairment, postural instability, and levodopa refractory symptoms, such as freezing, tachyphemia, and poor posture. This sizable subgroup of patients, in our opinion, derives less than complete benefit from STN stimulation and thus presents a therapeutic challenge for which further refinements in devices and techniques are clearly needed.
